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Three-dimensional atomic images of a Pt~111! surface are obtained by direct inversion of multiple low-
energy Kikuchi electron-diffraction patterns. The images are in the backscattering direction, and the positions
of the images are consistent with those expected from the atomic structure near the Pt~111! surface. The strong
electron scattering of the Pt atoms causes no observable problems in the Kikuchi electron holography.
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Since the idea of electron emission holography ~EEH!
was proposed by Szo¨ke1 in 1986, many kinds of local elec-
tron sources, including photoelectron,2 low-energy Kikuchi
electron,3 diffuse elastically scattered electron,4,5 and Auger
electron,6 sources, have been explored for possible holo-
graphic applications. In holographic studies, the angular dis-
tribution of an electron emitted from a local source ~which is
known as an emitter! was measured. Many ~usually more
than eight! such angular distributions at different electron
energies have to be collected and numerically inverted to
obtain the real-space atomic images near the emitter. The
energy range has to be chosen so that the electron momen-
tum covers at least one unit cell of the primitive reciprocal
lattice. Also, the interval between successive energies has to
be fine enough in order to obtain atomic images far from the
emitter. The outcome of the numerical inversion is a local
three-dimensional ~3D! atomic structure, with the emitter lo-
cated at the origin. Holography with photoelectrons excited
with synchrotron radiation and quasielastically scattered
electrons ~Kikuchi electrons! from an incident electron beam
was used successfully.
Kikuchi electron holography ~KEH!, a holographic inver-
sion of the diffraction patterns of low-energy ~100–1000 eV!
quasielastically scattered electrons, has been proven to be
successful for studying the surfaces of metals, semiconduc-
tors, and metal-semiconductor interfaces. KEH experiments
can be performed with a rear view low-energy electron-
diffraction ~LEED! apparatus. With an off-normal incidence/
detection configuration, we have observed the key surface
structural features, such as adatoms on Si(111)737,7 dimers
on Si(100)231,8 and trimers on Au/Si(111))3) ~Ref. 9!
and Sb/Si(111))3) .10 For KEH, the multiple-energy dif-
fraction patterns ~angular distribution! of the quasielastically
scattered electrons were reconstructed with an integral-
energy phase-summing method ~IEPSM!.3,11 This method is
simply a 3D Fourier transform of Kikuchi electron patterns,
and the reconstructed images reveal atomic images near an
emitter. In a limited electron energy range ~200–300 eV!, the0163-1829/2002/65~7!/073407~4!/$20.00 65 0734fast oscillatory ~with energy and angles! portion of the dif-
fraction intensity is mainly contributed by the backscattered
electrons;3,11,12 hence, when diffraction patterns in such elec-
tron energy ranges are used in the image reconstruction, only
atoms in the backscattering configuration can be imaged.
Backscattering geometry refers to a situation in which the
scatterers and the detector are on opposite sides of the emit-
ter.
The accuracy of the relative atomic positions measured
with KEH should not be overestimated, because only a lim-
ited angular distribution and energy range were used in the
image reconstruction. Normally, the error bar in the relative
atomic position measurement is 0.3 Å as compared with the
accepted values. Thus a complete surface structural determi-
nation with only a holographic study would be impossible.
However, discrimination between distinct structural models
can be easily achieved using KEH, which is crucial in a
surface structure determination.
Even with numerous successful demonstrations of the
EEH idea, doubts in about the general applicability of EEH
exist, especially for heavy-atom systems. In this Brief Re-
port, we present a KEH study of a Pt~111! surface, where
very good 3D atomic images are obtained up to the second
layer below emitters. A comparison with previously pub-
lished results13 from photoelectron holography is also given.
EXPERIMENTAL
The experiments were performed in a m-metal ultrahigh-
vacuum analyzing chamber equipped with a rear view LEED
optics. Kikuchi patterns with a normally incident electron
beam were collected with a CCD camera, and were recorded
in a personal computer for further analysis. The electron
beam energies E0 were varied from 404 to 523 eV. A smooth
background as a function of beam energy was subtracted for
every outgoing direction of the Kikuchi electron, and the
integral-energy phase-summing method3,11 was used to in-
vert the k-space intensity spectra in order to obtain 3D real-
space images. The data shown below are highly reproducible
in different runs of experiments.©2002 The American Physical Society07-1
BRIEF REPORTS PHYSICAL REVIEW B 65 073407Four Kikuchi electron-diffraction patterns with indicated
energies are shown in Fig. 1~a!. The suppressor voltage used
is 12 V. The angular distributions of the scattered electrons
are anisotropic and strongly dependent on the electron en-
FIG. 1. ~a! Four Kikuchi patterns of the Pt~111! surface at dif-
ferent incident energies. These patterns are displayed in an ortho-
graphic projection, with the polar angles ranging from 10° to 52°.
Each pattern is threefold symmetry averaged. The large black dot at
the center of each pattern is the shadow of the electron gun. ~b! The
measured Kikuchi intensity spectra I(kf) ~solid lines! for the
Pt~111! surface at four different emission directions. The back-
grounds Ia(kf) ~dashed lines! are fitted with the first-order polyno-
mial. ~c! The normalized intensity modulations x(kf) of the Kiku-
chi patterns at the same four emission directions reported in ~b!.07340ergy, which are signatures of interference of the outgoing
electrons. The shadow of the electron gun was removed with
mirror symmetry operation with respect to the horizontal
axis. In the IEPSM, the normalized scan-energy modulation
x(kf) of the electron intensity is Fourier transformed,
fkf~R!5Ekmin
kmax
x~kf!exp~2ik fR !exp~ ikfR!k f
2dk f , ~1!
where R is the 3D position vector with the origin at the
emitter, and the normalized modulation x(kf) for each direc-
tion kf is normalized as x(kf)5I(kf)/Ia(kf)21. The proce-
dure to obtain x(kf) is the following: ~i! Obtain the intensity
spectrum I(kf) as a function of energy for each emission
direction kˆ f in the selected energy range. ~ii! I(kf) is least-
square fitted by a low-order ~first or second order! polyno-
mial Ia(kf) in the range kmin,kf,kmax and kf is the wave
vector of outgoing electrons; thus x(kf) is obtained for the
kˆ f direction. The phase factor in the exponent of Eq. ~1! is
introduced to compensate for the path difference between the
reference wave and the singly scattered object waves from
the adjacent atom in the holographic scattering processes. As
a result, only the contribution from the single scattering of
the reference wave is nonzero in calculating the recon-
structed images from Eq. ~1!. The complex Fourier ampli-
tudes of Eq. ~1! are then summed over a span of emission
direction kˆ f :
F~R !5(
kf
fkf~R !. ~2!
The real-space image is obtained by evaluating in the abso-
lute quantities uRF(R)u2 in three-dimensional R space,
where the local maximums indicate the atomic positions near
the emitters.
Figure 1~b! shows the intensity of the scattered electrons
I(kf) as functions of the momentum of the electrons along
four different directions ~solid lines!. The dashed lines in Fig.
1~b! are the backgrounds Ia(kf) obtained by a least-square fit
of I(kf) with a first-order polynomial. The normalized scan-
energy modulations x(kf) along four directions are shown in
Fig. 1~c!. x(kf) are then Fourier transformed with Eq. ~1!.
The reconstructed results were found to be independent of
the order of the polynomial fitting used in calculating the
background. Only the oscillatory behaviors of the scattered
electron intensity as a function of energy are crucial to the
images of KEH.
The reconstructed images can be directly compared with
the relative positions deduced from the actual crystal struc-
ture of Pt~111! surface. Figures 2~a! and 2~b! show top views
of the reconstructed images of the atoms in the first and
second atomic layers below the emitter. Sixteen Kikuchi pat-
terns, with incident electron energies from 404 to 523 eV, are
used to reconstruct the images. The atomic images are at 1.4
Å, 0.8 Å, and 22.5 Å, and its threefold-symmetric positions
in the first atomic layer below the emitter is z522.5 Å,
which corresponds very well to the expected relative coordi-
nates ~1.4 Å, 0.8 Å, and 22.3 Å! of the nearest neighbor to
a emitter. There are additional local maxima at 0.0 Å, 3.1 Å,7-2
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be regarded as atomic images of the second-nearest neigh-
bors of the emitter in the first layer below the emitter, and
correspond to the expected relative coordinates ~0.0 Å, 3.1
Å, and 22.3 Å!.
Figure 2~b! shows the reconstructed images in the second
atomic layer below the emitter (z524.9 Å). The maxima of
the image intensities can be found at 0.0, 1.4, and 25.2 Å
and 2.7 Å, 1.4 Å, and 24.9 Å, along with their threefold-
symmetric repetitions. The corresponding expected atomic
FIG. 2. The top view of atomic images represented with contour
lines of the Pt~111! surface are below the emitter at ~a! 2.4 Å and
~b! 4.9 Å.07340positions are 0.0 Å, 1.4 Å, 24.6 Å and 2.7 Å, 1.4 Å, and
24.6 Å. The agreement between the positions of our images
and the expected values are quite good. Figure 3~a! shows a
3D view of the KEH results, and the local atomic structure
below an emitter. Figure 3~b! is also shown for comparison.
DISCUSSION
Holographic images of a Pt~111! surface have been suc-
cessfully obtained with KEH. By inverting the multienergy
Kikuchi electron-diffraction patterns with the IEPSM, we ob-
tain 3D atomic images in the backscattering direction ~below
the emitter!, with a resolution greater than 1 Å. The results
shown are the direct output of the calculation of the IEPSM
without further data reduction. Previous studies of Pt~111!
with multiple-energy photoelectron holography ~PEH!
showed only images in the forward direction. We do not
think that the difference between the results of our work and
those published in Ref. 13 represents a fundamental differ-
ence between two holographic techniques. Recent PEH
studies14 of a metal-semiconductor interface showed images
in the backward direction. After a detailed comparison, we
found no major difference in the data acquisition and the
numerical reconstruction processes between our work and
that of Ref. 13. A possible difference may reside in the back-
ground subtraction. Our background Ia(kf) is a simple poly-
nomial fit of the measured I(kf) for each scattering direction.
After Ia(kf) was subtracted, the fast variations of the nor-
malized scan energy modulation x(kf) within a reciprocal-
FIG. 3. ~a! 3D view of atomic images of a Pt~111! surface re-
constructed from 16 Kikuchi patterns ~404–523 eV!. Atoms down
to two layers below the emitter ~marked by a thick cross! are ob-
served. ~b! 3D view of the structural diagram of the Pt~111! surface.7-3
BRIEF REPORTS PHYSICAL REVIEW B 65 073407lattice unit cell led directly to backward images after numeri-
cal reconstruction.15
In this Brief Report, we have shown that KEH works very
well for a surface containing solely atoms with strong elec-
tron scatterers. Along with our previous experiences in
simple metal surfaces, reconstructed semiconductor surfaces,
and metal-semiconductor interfaces, it is fair to say that KEH
is a truly direct method for viewing the local surface atomic
structures. Different views of the surface atomic structures
can be obtained by changing the direction of the incident/
detection configuration. Most importantly, one can observe
the relative positions of atoms on the outermost surface, as
well as the relative positions of surface atoms to the atoms07340below the outermost surface layer, by tilting the incident
electron beam a large angle ~70°! from the surface normal.
The abundance of information obtained from KEH will help
a great deal, through a direct comparison of atomic coordi-
nates only, in determining the surface structure model.
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